Background and objectives Elevated anti-double-stranded DNA (dsDNA) antibody and C-reactive protein are associated with proliferative lupus nephritis (PLN). Progression of quantitative anti-dsDNA antibody in patients with PLN has not been compared with that in patients with systemic lupus erythematosus (SLE) without LN before diagnosis. The temporal relationship between anti-dsDNA antibody and C-reactive protein elevation has also not been evaluated.
Introduction
Systemic lupus erythematosus (SLE) is an autoimmune disease that can involve multiple organ systems with varying severity (1, 2) . More than half of patients with SLE develop lupus nephritis (LN), often after the original diagnosis of SLE (3) . LN can present with a wide range of clinical and histopathologic findings. The heterogenicity of disease presentation and progression suggests a complex mechanism of disease. Although significant progress has been made in the past decades, the pathophysiology of LN has yet to be fully elucidated (4) (5) (6) (7) (8) (9) .
Anti-double-stranded DNA (anti-dsDNA) antibody is one of multiple autoantibodies implicated in the pathogenesis of LN. In vitro human and in vivo animal studies suggest that anti-dsDNA antibodies are directly pathogenic. Elution of kidney tissue from patients with LN reveals anti-dsDNA antibodies. Injection of antidsDNA antibodies into mice models induces histopathologic findings similar to LN (4) (5) (6) (7) (8) (9) . Recent animal data support the theory that LN is triggered by the direct binding of anti-dsDNA antibody to the glomerular basement membrane (GBM), although previous studies purport that the antibody needs to complex with nucleosomes in circulation or with chromatin in situ (10) . There is a strong association between anti-dsDNA antibodies and LN, and, more specifically, proliferative LN (PLN), at the time of diagnosis (3, (11) (12) (13) (14) . Absolute quantitative level and rate of increase in anti-dsDNA antibodies in LN have not been previously evaluated. In addition, to our knowledge no previous studies have assessed the temporal relationship between the elevation of anti-dsDNA antibody and the elevation of C-reactive protein (CRP), with CRP representing a nonspecific asymptomatic inflammation surrogate for subclinical disease.
We hypothesized that a much larger percentage of patients with SLE and PLN have an elevated and increasing anti-dsDNA antibody level approaching diagnosis compared with controls with SLE but without LN matched for patient age, sex, race, and age of serum sample. We also hypothesized that antidsDNA antibody levels would increase before CRP did.
Materials and Methods

Participants
We performed a retrospective case-control serum bank study comparing anti-dsDNA antibody and CRP levels years before PLN diagnosis to matched controls who have SLE without LN. This study was approved by the Human Use Committee at Walter Reed National Military Medical Center, and the need for informed consent was waived.
We identified 23 patients with biopsy-proven PLN (World Health Organization class III or IV) from the Walter Reed Army Medical Center renal biopsy database from 1993 to 2009. A comprehensive electronic database review was performed for each patient with PLN to populate a clinical background data collection sheet. The SLE Disease Activity Index (SLEDAI) as well as National Institutes of Health (NIH) Activity and Chronicity Indices were tabulated (15) (16) (17) . The Department of Defense Serum Repository (DoDSR), described in previous publications, identified 21 controls with SLE without LN who were matched for patient age, sex, race, and age of serum samples (18) . To maximize specificity, each control had at least one hospitalization or three outpatient International Classification of Diseases, Ninth Revision (ICD-9), codes for SLE (711.0) without an ICD-9 code for LN (583.81) or any other urinary abnormalities to suggest undiagnosed LN. The DoDSR also provided a list of all other ICD-9 codes for each matching control to document comorbid conditions. Controls from Walter Reed who had SLE without LN would not have been matched effectively for age, sex, race, and age of serum sample. The DoDSR then pulled the oldest, the second to last, and the most recent 0.5-ml serum samples before PLN or SLE without LN diagnosis and sent them to Quest Diagnostics Nichols Institute (Chantilly, VA).
Laboratory Assays
Quest Diagnostics used the BioPlex 2200 flow immunoassay for the quantitative measurement of anti-dsDNA antibodies (19) . Dyed beads uniquely coated with dsDNA were incubated with an aliquot of approximately 300 ml of patient serum. After a wash cycle, a fluorescent (phycoerythrin) conjugated IgG antibody-bound residual antidsDNA antibody. After another wash, the samples were run through a detector for quantification using relative fluorescence intensity. Titer levels for anti-dsDNA antibodies were reported as negative (#4 IU/ml), indeterminate (5-9 IU/ml), or positive ($10 IU/ml). Average intra-assay reproducibility rates for a high positive panel and a low positive panel were 2.2% and 3.1%, respectively. Average interassay reproducibility rates for a high positive panel and a low positive panel were 5.2% and 5.4%, respectively. The test demonstrated linearity throughout the assay range (R 2 =0.9994). A latex assay was used to quantify CRP levels using a 100-ml serum sample. Serum CRP agglutinates with latex particles coated with monoclonal anti-CRP mouse antibodies in a glycine buffer stabilized with 0.09% sodium azide. The precipitate is determined turbidimetrically at 552 nm by a Roche Cobra Integra Analyzer. The analyzer automatically makes a 1:1, 1:1.5, 1:2, 1:4, and 1:16 dilution in addition to using a 0-mg/L standard. The reference range for normal CRP is ,0.8 mg/dl.
Statistical Analyses
The percentage of patients with PLN who had antidsDNA antibodies above selected threshold values before diagnosis was compared with the percentage of controls with SLE without LN using the Fisher exact probability test. Odds ratios and 95% confidence intervals were also calculated using the VassarStats software. The same statistical analysis was used for all secondary outcomes and subgroup analysis.
Results
Demographics
The study population consisted of predominantly African American women younger than 40 years of age. The patients with PLN had a higher SLEDAI score than the controls (median [25%, 75%], 16 [12, 22] versus 10 [6, 14] ) but had the same median SLEDAI as the control group when limited to only extrarenal SLE manifestations (10 [4, 14] versus 10 [6, 14] ). NIH Activity and Chronicity Index scores (median [25%, 75%]) were 8 (5, 10) and 3 (1, 3), respectively ( Table 1) .
Anti-dsDNA Antibody
More patients with PLN had a single elevated dsDNA level (./10 U/ml) than did controls at any time before diagnosis (78% versus 5%; P,0.001), ,1 year before diagnosis (82% versus 8%; P,0.001), 1-4 years before diagnosis (53% versus 0%; P,0.001), and .4 years before diagnosis (36% versus 0%; P=0.04) ( Table 2) .
A greater percentage of patients with PLN had an elevated anti-dsDNA antibody level .40 IU/ml compared with matched controls at any time before diagnosis (70% versus 0%; P,0.001), ,1 year before diagnosis (82% versus 0%; P,0.001), and 1-4 years before diagnosis (27% versus 0%; P=0.04) ( Table 2 ). More patients with PLN had an anti-dsDNA antibody level in the indeterminate range (.4 IU/ml) than did matched controls at any time before diagnosis (78% versus 14%; P,0.001), ,1 year before diagnosis (82% versus 15%; P,0.001), and 1-4 years before diagnosis (60% versus 0%; P=0.009) ) ( Table 2) .
Elevated anti-dsDNA antibody levels .50 IU/ml (100% in patients versus 41% in controls; P=0.02) were associated with future crescentic LN.
Time Course of Antibody Development. The antidsDNA antibodies became elevated (./10 IU/ml) an average of 2.7 years before diagnosis and in ,5 years before 83% of diagnoses. The 2.7 years is an indeterminate underestimation because all patients with PLN probably experienced an increase in anti-dsDNA antibody levels before the banked serum sample with the first elevation was obtained. An institutional serum sample limit of three per patient can leave large temporal gaps between data points. In the most extreme cases, there was a 10-year window in which the first elevation in anti-dsDNA antibodies could have occurred unrecorded.
Increases in anti-dsDNA antibodies .1 IU/ml per year (70% versus 0%; P,0.001) and .50% per year (70% versus 0%; P,0.001) were highly specific for future PLN (Table 3) .
Time Course of Increase in Antibody versus CRP. The anti-dsDNA antibody level increased before CRP did in most patients with an antecedent elevation (92% versus 8%; P,0.001) ( Table 4 ). The one patient with an antecedent CRP elevation had a normal CRP level (0.05 mg/dl) with an elevated anti-dsDNA antibody level (58 IU/ml) 5 years later, suggesting an initial infectious cause. The most significant individual example was a patient with a 477-IU/ ml anti-dsDNA antibody level and a 0.05-mg/dl CRP level 212 days before diagnosis.
Discussion
Our novel results describe the natural history of antidsDNA antibodies before PLN diagnosis. The study cohort had an average SLEDAI score, average NIH Activity and Chronicity indices, and a prevalence of elevated anti-dsDNA antibody at diagnosis that were similar to those noted in previous reports (11, 17, 20, 21) . Anti-dsDNA antibody was elevated months to years before 78% of patients with PLN but in only one control with SLE without LN. A similar percentage of known patients with SLE manifest elevated anti-dsDNA antibody before LN flare (21) (22) (23) (24) . In addition, the one control who had anti-dsDNA antibody-positive SLE without LN developed a positive titer less than a year before diagnosis and could conceivably develop PLN in the future. Using the same serum bank, Arbuckle et al. reported only 55% of patients with SLE and a positive anti-dsDNA antibody titer before diagnosis (25) . However, this study did not distinguish between patients with and those without LN or quantify anti-dsDNA antibodies. It is possible that most of the 55% of patients with positive anti-dsDNA antibody titers had or went on to develop LN, consistent with the known prevalence of LN in patients with SLE. Perhaps more important, to our knowledge our study shows for the first time that the rate of increase in anti-dsDNA antibody level may help to distinguish between future PLN and SLE without LN. A rate of increase of 1 IU/ml per year was highly specific for disease. There are no previous studies of the rate of change in anti-dsDNA antibody over time for comparison. Our data also further clarify the pathogenic role of antidsDNA antibody in SLE. Anti-dsDNA antibody is present before even subclinical systemic inflammation. Ninety-two percent of study patients with a clear antecedent elevation first developed anti-dsDNA antibodies before CRP elevation or PLN diagnosis. In addition, although 79% of our study cohort had an elevated CRP level at diagnosis, only 26% of patients had an elevated CRP before diagnosis. CRP only became elevated in this subgroup ,9 months before diagnosis (3-258 days). If anti-dsDNA antibody were simply a passive marker of disease, it would be expected to increase after an elevation in CRP from another culprit. However, even in this subset of patients with PLN, passive elevation of anti-dsDNA antibodies after another inciting event and before CRP elevation cannot be completely ruled out. CRP measurement has both general and SLEspecific limitations. Although concurrent malignancies, chronic infections, and other inflammatory diseases were excluded, elevations due to undocumented infection cannot be ruled out. In addition, although CRP levels are above normal in most patients with SLE at diagnosis, these elevations are blunted compared with other inflammatory disease processes, such as vasculitis, and may be more associated with arthritis, pleuritis, and pericarditis than nephritis (26) (27) (28) . It is hypothesized that serum CRP is consumed in SLE by anti-CRP antibodies, renal deposition, and binding to apoptotic debris or complement (26, 29) . Despite these limitations, our findings are consistent with previous reports that CRP does not directly correlate with anti-dsDNA antibody, disease severity, or impending LN flare (26, 29) .
Not only do more patients with PLN have an elevated anti-dsDNA antibody level before diagnosis, a greater percentage also have anti-dsDNA antibody levels above thresholds within the normal range in comparison with controls who have SLE without LN. This statistically significant difference may exist decades before diagnosis, reflecting a baseline "first hit" genetic risk factor, but our study had insufficient power to evaluate specific time periods more distant than .4 years from diagnosis. The anti-dsDNA antibody threshold of ./10 IU/ml was established on the basis of the evaluation of patients with active clinical disease. It is possible that abnormal subclinical anti-dsDNA antibody levels occur in the currently accepted normal range. We previously demonstrated that more patients with anti-GBM have detectable anti-GBM antibody within the accepted normal range before diagnosis compared with matched controls (18) .
There are multiple theoretical explanations for these findings. We propose that baseline anti-dsDNA antibody represents one hit in a multiple-hit mechanism of disease previously described by Dr. Tsokos. Baseline genetic abnormalities manifesting as altered C4, C1Q, and cytokine production, as well as abnormal apoptotic and T cell function, could preserve self-reactive B cells and nuclear debris. This inflammatory milieu would support low-level anti-dsDNA antibody production (1, (30) (31) (32) . Intrinsic or external stimuli, such as epigenetic alterations or antigen mimicry, then may provide the secondary hit to augment preexisting antibody production. The resulting large anti-dsDNA antibody burden could then instigate clinical disease.
Our data set could also provide clinical relevance. Up to 35% of patients with SLE develop LN after diagnosis, most frequently in the African American population (24) . A predictive anti-dsDNA antibody model may identify the SLE subpopulation at high risk for development of LN. This population could warrant closer follow-up and a lower threshold for confirmatory renal biopsy. A more prompt diagnosis would ensure more renal function to preserve at the time of therapeutic intervention. There is some precedence for proactive therapeutic intervention. A randomized, placebo-controlled trial found that early steroid intervention for serologically active but clinically quiescent SLE prevented severe flares (33) . On the basis of our findings, any patient with SLE who has an anti-dsDNA antibody level .2 IU/ml would be monitored with serial anti-dsDNA antibody serologic testing. A consistent rate of increase .1 IU/ml per year or an absolute level of 10 IU/ml per year, especially in the setting of even mildly abnormal urine sediments, would necessitate a renal biopsy to rule out early proliferative disease. However, rate of change in IU/ml per year assumes a linear rate of increase in anti-dsDNA antibody over time before diagnosis. This has not been proven. Before implementation, our proposed diagnostic model would require prospective validation on a cohort of patients with newly diagnosed SLE without LN.
Before any prospective validation, our model would benefit from further investigation to address current (3, 34) . This is essential because antidsDNA antibody cannot independently account for the pathogenesis of PLN. More than 15% of patients with PLN had a normal anti-dsDNA antibody level 1 year before and at diagnosis. Defining the prediagnostic trajectory and temporal relationship of all LN-associated autoantibodies may establish a more comprehensive predictive autoantibody profile for PLN risk. Data already suggest that dual-positive anti-dsDNA antibody and anti-C1q antibody are more sensitive and specific for LN flare and portend a worse renal prognosis than either autoantibody individually (20, 21) . Even a comprehensive autoantibody profile will probably not predict development of PLN in all cases. Antibody avidity, cross-reactivity, subclass, tissue target specificity, and cell penetration with nuclear localization probably contribute. T cell activity, cytokine production, complement activity, and presence of Fc receptor glomerular tissue expression targets are also implicated (4-9,35-37).
The DoDSR has unique limitations described previously (18) . In this specific study, we cannot rule out that some of the controls with SLE without LN went on to develop LN. The erroneous placement of a study patient into the control group would also only narrow any difference between groups and marginalize the statistical significance of our findings. Inability to directly link results to specific patient background clinical data due to DoDSR required de-identification precludes robust secondary analysis, such as correlation of anti-dsDNA antibody level to NIH Activity Index. Also, exclusion of other classes of LN prevents purposeful evaluation of positive and negative predictive values. In addition, controls were not universally treated at Walter Reed, introducing the potential for practice pattern and documentation variability. Study design also prevented description of baseline CRP and antibody levels for the controls at diagnosis. Finally, our study cohort skewed toward young African American women. Our results may not translate to patients with other demographic characteristics.
The diagnostic synergy between the DoDSR and Walter Reed National Military Medical Center renal biopsy databases allowed us to establish an association between elevated and rising anti-dsDNA antibody and future PLN.
